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INTRODUCTION
Tidal flats are located on the transitional areas be tween land and sea,and are defined as the region of broad foreshore between the highest and lowest tides. The water depth of the tidal flats and near shore subtidal areas is so shallow(only a few meters)even at high tide that enough intensity of light for photosynthesis tends to reach the sediment surface.Therefore,on the tidal flats, not only the phytoplankton in the water column but also the sediment-associated microalgae(microphytobenthos) is able to become one of the major primary producers by photosynthesis(Underwood&Kromkamp1999).Mac Intyre et al.(1996) noted that the primary production of the microphytobenthos often exceeded that of the phyto plankton in the water column on the tidal flats.In previ ous studies on Japanese coast, Montani et al.(2003) re ported the primary production by the microphytobenthos on a tidal flat of the Seto Inland Sea(434g C/m2/yr), western Japan,was approximately two times higher than that by the phytoplankton in the water column offshore from the tidal flat.
On the tidal flats,foods are ample for the macroben thic animals due to high primary productivity on the sedi ment surface and in the water column.Moreover,the sur face layer of the sediment is always kept in oxidized con ditions owing to periodic air exposure during low tide. In the coastal ecosystem including the tidal flats,nu merous attempts have been made to describe the conver sion of organic matter between the primary(photosyn thetic)producers and the secondary ones,estimating their productive activities (Graf et al.1982; Loo&Rosenberg 1988; Graf1992) .However,as in the case of the mac robenthic communities where suspension feeding ani mals predominate as secondary producers,the consump tion by the suspension feeders tends to exceed the pri mary production at the areas where the suspension feed ers occur (Heip et al.1995; Herman et al.1999 ;Thomp son&Schaffner2001). Loo&Rosenberg(1996) re viewed the pelagic(phytoplanktonic)primary production and the secondary production of the suspension feeding benthic animals in the coastal areas of Skagerrak and Kattegat,Sweden,and reported that the annual secondary production of only two suspension feeding bivalves, Cerastoderma edule and Mya arenaria,in the Gullmars fjord reached 11,094kJ/m2/yr,which was almost equiva lent to the pelagic primary production of these areas.If we assume the ecological trophic transfer efficiency be tween different trophic levels as 15%(Ryther1969),pri m ary production at least six times higher than pelagic production should be required to sustain the secondary production of these two dominant bivalves.Therefore, Loo&Rosenberg(1996) emphasized the importance of t he intake of organic particles transported from other neighboring areas by the tidal current to allow the sus pension feeding benthic animals to establish their dense patches.Thus,to understand the mechanisms of the sec ondary production by the populations of the suspension feeding benthic animals,we need to know how they ob tain the(primarily)photosynthetically produced organic particles from the water.
Our study area,Midori River estuary,is located on the east coast of Ariake Bay,in the western part of the Kyushu Island,Japan.It has the largest sand flat (2,100ha)in Japan.On the tidal flat of this estuary,sus pension feeding bivalves Ruditapes philippinarum,Mac tra veneriformis and Solen strictus are some of the domi nant species of the macrobenthic communities.They often occupy more than95%of the biomass of the mac robenthic animals (Tsutsumi et al.2000) . Tsutsumi et al. (2002) investigated the population dynamics of R.philip pinarum on the lower part of this tidal flat,and estimated its secondary production as93.6gC/m2/yr.According to Heip et al.(1995) ,the annual secondary production of macrobenthic communities observed at various estuaries ranged from1.2to273gAFDW/m2/yr.These values are equivalent to0.4to98.3gC/m2/yr with a carbon/AFDW ratio of0.36 (Nagao et al.2000) .On the lower part of Midori River Mouth Tidal Flat,the secondary production of just a single species of R.philippinarum is equivalent to the highest values of the secondary production of the benthic communities recorded in the previous studies. Therefore,it is an interesting question how such a high secondary production of the suspension feeding bivalve, R.philippinarum,is nutritionally supported by the pri mary production on this tidal flat.
In this paper,we focus on how the suspension feed ing bivalve,R.philippinarum,obtains the(primarily) photosynthetically produced organic particles on the lower part of Midori River Mouth Tidal Flat.We report the spatial distribution of the microphytobenthos as some of the main primary producers on the tidal flat and the macrobenthic animals at the sampling stations set along a cross transect line on Midori River estuary,and discuss the importance of lateral transportation of primarily pro duced organic particles re-suspended in the water from the sediment surface to sustain the secondary production of Ruditapes population on the tidal flat.
MATERIALS AND METHODS

Study area
The study area was Midori River estuary,on the east coast of Ariake Bay,Kumamoto,Japan( Fig.5(a) shows both Chl-a and pheo-pigments con centration of the sediment at each sampling station.The extremely high Chl-a concentrations of the sediments were observed at Stn 2(75.3mg/m2)and Stn 3(113 mg/m2)on the upper part of the tidal flat.Excluding these two stations,they ranged between19.3and35.3mg/m2, and tended to decrease toward the lower end of the tidal flat.At the subtidal area,the Chl-a concentration of the sediment further decreased to the range between9.81and 21.5mg/m2.
No clear trends were found in the spatial distribu tion pattern of pheo-pigments concentration of the sedi ment along the transect line on the tidal flat.The highest concentration of the pheo-pigments was observed at Stn 14(138mg/m2),but the lowest value was observed at the neighboring station,Stn13(25.5 mg/m2).At the subtidal area,pheo-pigments concentrations in the sediments were high at all five stations,ranging between74.1and 136mg/m2,although the sediments had the lowest levels of Chl-a concentrations.
Pheo-pigments are produced by the decomposition of fresh photosynthetic pigments such as chlorophylls.If the organic matter photosynthetically produced by the microphytobenthos on the sediment surface was con sumed in the same area,the concentration of the pheo pigments of the sediment at each station should strongly correlate to that of the Chl-a of the sediment.However, the spatial distribution patterns of the concentration of these two photosynthetic pigments of the sediment did not necessarily coincide (Fig.5(b) ).At Stn2and3on the upper part of the tidal flat,where the highest Chl-a con centrations of the sediments were recorded,the weight ratios of Chl-a to the whole photosynthetic pigments (Chl-a and pheo-pigments)of the sediment were also highest among all sampling stations on the tidal flat(0.51 and0.49,respectively).However,the ratio tended to de crease on the middle to lower part of the tidal flat,rang ing between0.18and0.51,and showed the lowest values between0.12and0.15at the stations of the subtidal area.
Density and biomass of the macrobenthic animals Fig.6(a) illustrates the densities of dominant species of the macrobenthic animals at each sampling station. The data on the numerical composition of the macroben thos are noted in the Appendix Table1.
On the upper part of the tidal flat,the density of the macrobenthic animals was relatively low with the range between120and840ind./m2.The suspension feeding bi valve,Mactra veneriformis was the most dominant,and the second ranked one was a surface deposit-feeding polychaete,Heteromastus cf.similes.They occupied 28.4%and12.8%of the total numerical composition of the macrobenthic animals on this part.respectively.
On the middle to lower part of the tidal flat,ex tremely high densities were found at Stn10(2,300 ind./m2)and Stn14(2,280ind./m2)due to the occurrence of dense patches of R.philippinarum,the most dominant species on this part.At these two stations,it occupied 58.3%and81.6%of the whole density of the macroben thic animals,respectively.Except at these two stations, the densities ranged between560and1,180ind./m2.The second ranked dominant species was also a suspension feeding bivalve,M.veneriformis.It occupied15.2%of the total numerical composition of the macrobenthic ani mals on this part.Thus,on the middle and lower part of the tidal flat,suspension feeding bivalves predominated in the macrobenthic communities.
At the subtidal area,the highest density at all of the sampling stations,2,800ind./m2,was recorded at Stn19. At the other remaining four stations of subtidal area,the densities are relatively high,864to1,980ind./m2.The most dominant species at all of the five stations was a small bivalve,Pillucina pisidium.It occupied70.0%of
the total numerical composition of the macrobenthic ani mals at the subtidal area. Fig.6(b) illustrates the biomass of macrobenthic an imals,expressed by wet weight,at each station.The highest biomass values were observed at Stn10 (3,760gWW/m2)and Stn14(2,342gWW/m2)on the middle to lower part of the tidal fiat,where the suspen sion feeding bivalve,R.philippinarum occurred at high density.Excluding these two stations,the biomass of the macrobenthic animals on the middle to lower part of the tidal flat was in the range between463and 1,107gWW/m2. Okuda1996).In Midori River estuary,the tidal ampli tude reaches approximately5m in spring tide,which is the largest on the Japanese coast.This big tidal difference generates a very first tidal current over30cm/sec even in the benthic boundary layer(unpublished data).Therefore, the water on the tidal flat always becomes turbid due to re-suspension of the fine fractions of the sediments with high organic matter contents.
Conover&Durvasula (1986) reported that Chl-a was destroyed during the passage through the gut of her bivores,and decomposed to pheo-pigments such as pheophorbide-a.In this study,at Stn2and3on the upper part of the tidal flat,the concentration of Chl-a of the sur face sediment was highest (75.3and113mg/m2,respec tively)among all of the sampling stations,and tended to decrease toward the lower one and offshore area (Fig.  5(a) ).The weight ratio of Chl-a to the total photosyn thetic pigments including Chl-a and pheo-pigments of the sediment showed the same tendency as the concentra tion of Chl-a of the surface sediment.It was highest at Stn2and3(0.51and0.49,respectively)on the upper part of the tidal flat,but tended to decreased toward the lower part and offshore area (Fig.5(b) ).These facts indi cate the photosynthetic productive activities by the mi crophytobenthos were most active on the upper part of the tidal flat,and the decomposition of the photosyntheti cally produced organic particles was more prominent on the middle to lower tidal flat and the offshore area.
Organic carbon flow from primary producers to ben thic suspension feeders De Jong&de Jong(1995) noted that the Chl-a in the top layers of the estuarine sediment is derived mainly from microphytobenthos,which is one of the main food sources for the suspension feeding benthic animals. Koike et al.(1989) investigated the algal species compo sition in the stomach content of the macrobenthic ani mals found on Obitsu River Mouth Tidal Flat,Japan. They showed that benthic diatoms were some of the major components of the diets of two suspension feeding bivalves,R.philippinarum and M.veneriformis.The im portance of the microphytobenthos as a food resource for the benthic suspension feeders has been clarified using isotopic techniques(e.g. Kang et al.1999 ;Sauriau& Kang2000).Sauriau&Kang (2000)estimated that ap proximately70%of the annual secondary production of a bivalve,Cerastoderma edule,was supported by the mi crophytobenthos.Montani(1999)described the carbon flow from the microphytobenthos to R.philippinarum, the most dominant species of the macrobenthic animals, in the Seto Inland Sea,Japan.He showed that the pri mary production by the microphytonbenthos(584g C/m2/yr)on the tidal flat was so high as to support the secondary production of R.philippinarum(26.5g C/m2/yr)at the same place on the tidal flat.
In this study,we tried to describe the carbon flow from the micophytobenthos to the benthic suspension feeders on the lower part of the tidal flat in Midori River Mouth Tidal Flat,where R.philipinarum,occurred densely. Tsutsumi et al.(2002) investigated the popula tion dynamics of this species at an area(near Stn13and 14of this study),on the lower part of the same tidal flat, estimated its secondary production as93.6gC/m2/yr,and deduced that approximately1,300mgC/m2/day(=470g C/m2/yr)of the primary production was potentially needed to support the secondary production of the clam under an assumption of the trophic transfer efficiency from the primary producer to the secondary one as20%.
Since Tsutsumi et al. (2002)did not examine the concentration of Chl-a of the surface sediment at that time,if we applied the mean concentration of Chl-a of the surface sediment on the lower part of the tidal flat (28.3mgChl-a/m2)of this study to that of the study site of Tsutsumi et al.(2002) ,extremely high Chl-a specific productivity by the microphytobenthos(46mgC/ mgChl-a/day)was required to satisfy the potential re quirement of the primary production by the secondary production of R.philipinarum.This value is,however, not realistic,since it is equivalent to approximately three times that of primary productivity on a sand flat in the Seto Inland Sea,Japan,16.5mgC/mgChl-a/day (Mon tani et al.,2003) .Many other previous studies also re ported much lower Chl-a specific productivity of the mi crophytobenthos(3.3and26.0mgC/mgChl-a/day)than our estimate(De Jong&de Jong1995;Coligin&de Jong1984;Pinkney&Zingmark1991;Schreiber&Pen nock1995;Maclntyre&Cullen1996).The
Chl-a con centration of the sediment was not so high(19.3to 35.3mg/m2)on the tidal flat( Fig.5(a) ).According to the results on the Chl-a specific productivity obtained from the previous studies,the secondary production of the dense patches of R.philippinarum and M.veneriformis on the lower part of the tidal flat in this study is not fully supported by the primary production on the same area of the tidal flat.
In this study,we did not measure the phytoplank tonic biomass of the overlying water column.Our follow up study found that the annual mean Chl-a concentration of the water column on the lower part of the tidal flat dur ing the flood tide in spring tide was only12.1mgChl-a/ m2(unpublished data).Therefore,both of the primary In this study,the place where the microphytobenthos grew thickly on the sediment surface was restricted on the upper part of the tidal flat( Fig.5(a) ),and the micro phytobenthos was easily re-suspended to the overlying water by the tidal current,waves and so on(e.g.Schffer &Sullivan1988; Lucas et al.2001) .As shown in the schematic diagram in Fig.7 ,it is very likely that the re suspension of microphytobenthos to the water on the upper part of the tidal flat and its transportation toward the offshore area by the tidal current allow the suspen sion feeding bivalves to establish dense patches on the on the middle to lower part of the tidal flat. 1995; Fujiwara et al.1998) .In these studies,all Calypto gena species from OHI were treated as C.soyoae.Ac cording to our data,however,74.4%of the Calyptogena species at OHI are C.okutanii(Table2).Therefore,most of the ecological information on the Calyptogena species in Sagami Bay has been derived almost exclusively from C.okutanii.In contrast,ecological information on Calyp togena from SK has been derived predominantly from C. soyoae,given that more than90%of the Calyptogena at this site are C.soyoae (Hattori et al.1993 ).
In conclusion,the species composition of Calypto gena in Sagami Bay differed from that in the local cold seepage areas;the dominant species of Calyptogena at OHI and OB was C.okutanii,and that at SK was C. soyoae.Ecological information on Calyptogena in Sagami Bay is derived predominantly from C.okutanii, given that most ecological studies have been conducted at OHI.To determine the causes of differences in species composition among cold-seepage areas,additional field surveys are needed,especially at SK.
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